Several transposable elements were isolated from the genome of Xanthomonas oryzae pv. oryzae. These elements and an avirulence gene isolated from X. oryzae pv. oryzae were used as hybridization probes for a collection of X. oryzae pv. oryzae strains from the Philippines. Each of the sequences was present in multiple copies in all strains examined and showed distinct patterns of hybridizing bands. Phenograms were derived from the restriction fragment length polymorphism data obtained for each of the individual probes and for pooled data from multiple probes. The phenograms derived from the different probes differed in topology and, on the basis of bootstrap analysis, were not equally robust. For all of the probes, including the avirulence gene, some groups (even some haplotypes) consisted of multiple races. The strains were grouped into four major clusters on the basis of the two probes giving the highest bootstrap values. These groups were inferred to represent phylogenetic lineages. Three of the six races ofX. oryzae pv. oryzae appeared in more than one of the lineages, and another was present in two sublineages. For three of the races, strains representing different phenetic groups were inoculated on rice cultivars carrying 10 resistance genes. Two new races were differentiated, corresponding to pathogen lineages identified by DNA typing. On the basis of DNA and pathotypic analyses, together with information on the spatial and temporal distribution of the pathogen types from this and other studies, a general picture ofX. oryzae pv. oryzae evolution in the Philippines is presented.
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Host plant resistance is an economically and ecologically sound approach for protecting crops from many pests. Unfortunately, resistance has often proven short-lived in farmers' fields. Resistance may be overcome by newly evolved pest types or by preexisting pest types that were not utilized in screening the resistant lines. Thus, the breakdown of resistance is essentially a problem of microbial evolution. Molecular typing offers a powerful tool for understanding population structure and evolution and has been used successfully for several plant pathogens (5, 11, 19, 21, 24, 25, 30) .
Bacterial blight, the most important bacterial disease of rice, is caused byXanthomonas oryzae pv. oryzae (ex Ishiyama 1922) sp. nov., nom. rev. (formerly designated Xanthomonas campestris pv. oryzae [42] ). Genetic analyses have demonstrated the existence of at least 19 genes for resistance in rice cultivars (18) . While host resistance is considered to be a sound approach to control the disease, new races of the pathogen have emerged to overcome deployed resistance (6, 26, 28) . Six Philippine races of X oryzae pv. oryzae have been defined (27, 29) . A race or pathotype is a group of strains sharing a common phenotype of virulence to a set of host cultivars, and hence strains of the same race are generally assumed to be genetically related (3) .
The use of pathotypic and molecular analyses in combination can provide insights into the evolution of pathogen populations in response to agricultural or natural constraints (for review, see reference 24) . A previous study, in which a repetitive DNA probe was used to analyze a set ofX. oryzae pv. oryzae strains from the Philippines, suggested a complex relationship between phylogeny and pathotype (21) . In an attempt to further clarify this relationship, we analyzed a similar set of X oryzae pv. oryzae strains from the Philippines by using five distinct repetitive elements, including a family of avirulence genes (12) and four transposable elements, and tested selected strains on cultivars carrying resistance genes not previously used for pathotypic grouping. The use of multiple repetitive elements allowed us to determine the effect of probes on inferences about aspects of population structure, including diversity and phylogeny. The avirulence gene probe was used to determine whether a sequence involved in conditioning cultivar specificity could discriminate strains differing in virulence on particular hosts. The transposable element probes were assumed to be phenotypically neutral and thus potentially suitable for phylogenetic analysis. On the basis of DNA and pathotypic analysis, together with information on the spatial and temporal distribution of the pathogen types from this and other studies (la, 28) , we propose a general picture of X oryzae pv. oryzae evolution in the Philippines.
MATERUILS AND METHODS
Bacterial strains, culture media, and plasmids. Bacterial strains were selected from two collections for which pathotypic and molecular data were available. One hundred of the strains used were among the 960 strains collected between 1972 and 1986 from around the Philippines and assigned to six races by Mew et al. (28) . Of these, 87 strains had been used for restriction fragment length polymorphism (RFLP) typing in a previous study (21 The transposon-trapping vectors pL3SAC and pL8 were introduced into several X oryzae pv. oryzae strains by triparental mating (17) . The transconjugants were plated on selective medium (nutrient agar with tetracycline plus 5% sucrose) to obtain mutants in the sacRB gene. Plasmids were isolated from each of the colonies obtained by the method of Birnboim and Doly (2) . To increase the yield of plasmid DNA, the plasmids were transferred to Escherichia coli HB101 cells by transformation and again were extracted. Plasmids were digested with the restriction enzymes PstI and BamHI to excise the sacRB fragment, and the DNA fragments were separated by electrophoresis through a 0.7% agarose gel. An increase in the molecular weight of the sacRB fragment suggested the presence of trapped transposable elements. Several plasmids with novel restriction profiles were used to probe genomic blots of X. oryzae pv. oryzae DNA.
Plasmid pBSavrXalO, containing a 3.1-kb BamHI fragment internal to the avrXalO gene of X oryzae pv. oryzae (12) , also was used as a probe in this study. The (22) . DNA was digested with EcoRI for blots probed with TNX1, TNX6, TNX7, and IS1112). Because BamHI excises a fragment internal to and containing most of the coding region of the characterized avirulence genes of X oryzae pv. oryzae (12) [37] ) was computed from the binary data for all pairwise combinations of strains. The unweighted pair-group method for the arithmetic average (UPGMA [40] ) was used to construct phenograms on the basis of the distance matrix data. Clusters that separated at the 75% similarity level were given capital letter designations, with cluster A the cluster whose strains were most similar, cluster B the cluster whose strains were the second most similar, and so on. Haplotypes within each cluster were given numerical designations (e.g., A-001, A-002, etc.). To simplify them for presentation, the phenograms derived from the transposable element probes were truncated at the 80% similarity level. Because all haplotypic differences were of potential interest when the avirulence gene probe was used, the complete phenogram derived on the basis of pBSavrXalO data is presented.
The robustness of each phenogram was evaluated by bootstrap analysis of each data set (8, 9) . Because a bootstrapping program based on UPGMA and capable of handling the data sets involved in this study was not available, the computer program WinBoot was generated for this study (43a). By using this program under Windows 3.1 on an IBM-compatible pc-AT computer, each phenogram was reconstructed 2,000 times by repeated sampling with replacement, and the frequency with which a particular grouping was identified was taken to reflect the strength of the grouping.
Genetic diversity (H) was calculated according to the following equation (32):
where Xi is the frequency of the ith haplotype in the population, and n is the number of strains examined.
Pathogenicity testing. To maintain aggressiveness, strains selected for inoculation were passaged through the susceptible cultivar IR24. For all experiments, plants were inoculated at 55 days after sowing by the leaf clipping method, and lesion lengths (LLs) were measured 14 days after inoculation (14) . Bacteria for the inoculum were prepared as described previously (27) .
To test for quantitative differences in virulence between strains representing different putative lineages, strains within races 1 (groups B and C as defined by IS1113), 3 (groups B and C as defined by IS1113), and 5 (groups A and B plus D as defined by IS1113) were selected. These strains were tested on (i) the set of differential cultivars with known resistance genes that are used for routine race typing of Philippine strains (IR24 [ (27) . For general race typing, the host was classified as resistant if the mean LL was between 0 and 3 cm. Hosts with LLs of between 3 and 6 cm were classified as moderately resistant, those with LLs of 6 to 9 cm were classified as moderately susceptible, and those with LLs of >9 were classified as susceptible (27) . For simplicity, plants with LLs of 0 to 9 cm were grouped as resistant, while those with lesions of greater than 9 cm were grouped as susceptible (see Fig. 2 to 4). Interactions in which the difference in LLs was greater or equal to 10 cm on a host carrying a previously untested resistance gene were considered as novel differential interactions.
RESULTS
Isolation of transposable elements for use as probes in phylogenetic analysis. The transposon-trapping vectors pL3SAC and pL8 were introduced into 12 X oryzae pv. oryzae strains from races 2, 3, and 5. In 20 experiments, X oryzae pv. oryzae strains carrying the trapping vectors were plated on 5% sucrose to select for mutations in the sacRB gene. Most of the 289 sucrose-resistant colonies examined contained insertions in the DNA fragment containing the sacRB gene. These inserts were considered putative insertion (IS) elements.
Four transposable elements were selected on the basis of different insert sizes (Table 1) and hybridization patterns when used as probes for EcoRI-digested X. oryzae pv. oryzae genomic DNA (Fig. 1) . Elements tentatively designated TNX1, TNX6, and TNX7 were derived from X oryzae pv. oryzae PX0112. Element TNX8, which was derived from strain PX0285, hybridized with the repetitive element present in pJEL101 (references 22 and 44 and data not shown). This element was shown to have the structure of a prokaryotic IS and was designated IS203b (44) and, later, IS1112 (44a). The element TNX1 also has characteristics typical of IS elements and was designated IS1113 (39a). The approximate sizes of the inserted elements were estimated by coelectrophoresis with molecular weight standards ( Table 1) .
Aspects of X. oryzae pv. oryzae phlyogeny revealed by different probes. IS1112, IS1113, TNX6, TNX7, and the avirulence gene probe pBSavrXalO were used to characterize 155 X oryzae pv. oryzae strains. The average number of hybridizing bands per haplotype, the range and average numbers of bands per isolate, and the numbers of band positions scored for the collection are shown in Table 1 . No bands hybridized with the trapping vectors alone (data not shown). Data derived from the five probes were compared in terms of the apparent stability of haplotypes, diversity detected, phenograms inferred, robustness of phenograms, and inferred phylogenies.
The recurrence of haplotypes over time was examined as a way of assessing the stability of the repetitive elements in vivo. For each of the probes, certain haplotypes were recovered over many years. Although many haplotypes were found only for a single isolate, at least six haplotypes per probe were found for isolates collected over 10 years apart.
Genetic diversity values were calculated for each race and for the entire collection by using Nei's genetic diversity index, H (32) , based on RFLP data derived with each probe and with the composite RFLP band data ( Table 2) . Similar values, ranging from 0.88 to 0.97, were obtained on the basis of data from the different probes for the entire collection. The diversity indices for each probe for the population examined were loosely correlated with the average number of hybridizing bands per haplotype (r = 0.69), indicating that band number is a rough predictor of the discriminating power of a probe. The composite DNA band data set allowed a high degree of discrimination among the isolates.
Diversity estimates were evaluated for the six recognized races of the pathogen (27, 29) . Very different estimates of diversity were obtained for some of the races with the different probes. For instance, for the 33 strains of race 2 analyzed, little variation was detected with TNX7 (two haplotypes; H = 0.46) relative to IS1112 (10 haplotypes; H = 0.88). The 10 strains of race 6 were monomorphic by some probes but not by others.
Dendrograms were generated for the data sets obtained with each probe (Fig. 2 to 4 ) and for all of the band data obtained with the five probes (Fig. 4) by using UPGMA. Bootstrap analysis was used to provide a measure of the relative robustness of clusters defined by each of the probes. The frequency with which each cluster is formed in repeated cycles of phenogram construction provides a measure of the strength of the grouping. The bootstrap results are indicated on the dendrograms in Fig. 2 to 4 , reflecting the percentage of the 2,000 iterations in which the major groups of strains were formed. While small, very robust groups of strains with high percentages of similarity were formed with all of the probes, and these were usually consistent across probes, the probes differed in the robustness of the larger groups formed at lower levels of similarity.
The groupings formed on the basis of IS1112 were the most robust (highest overall bootstrap values for the major groups of strains), followed by those for IS1113. The groups formed on the basis of TNX6 data were not consistently robust; some clusters were formed most of the time, while others were formed in only a small proportion of the iterations. The low values generated by bootstrap analysis for phenograms generated from TNX7, avrXalO, and the composite data set from all (11) . The strains represent each of the major groups identified through cluster analysis of the RFLP profiles. Lanes: 1, 1-kb ladder; 2, PX0204; 3, PX0205; 4, PX0115; 5, PX0162; 6, PX0203; 7, PX0179; 8, PX079; 9, PX0103; 10, PX083; 11, PX078; 12, PX063; 13, PX0134; 14, PX035; 15, PX0165; 16, PX036; 17, PX020; 18, HindIll-digested DNA (lambda phage).
of the probes indicated that the larger groupings formed were not robust.
In addition to the UPGMA analysis, the IS1113 data set was analyzed by multidimensional scaling (20) , neighbor joining (39), and parsimony (7, 23) . These analyses yielded results similar to those obtained by cluster analysis based on UPGMA (data not shown). While most groupings proved consistent, irrespective of the analytical method employed, a few differences and uncertainties were revealed by the application of multiple analytical methods. Most of these ambiguities centered around a group of race 5 strains. Both neighbor-joining analysis and parsimony analysis suggested that this cluster was not a distinct phylogenetic lineage.
Visual inspection of the dendrograms derived from the different probes suggested that the inferred phylogenies were at least somewhat probe dependent. To compare the relationships between strains inferred from the different probes, correlation analysis was performed for each pair of similarity where Xi is the frequency of the ith haplotype in the population and n is the number of strains examined. matrices ( Table 3 ). The most highly correlated similarity matrices were those derived from IS1113 and IS1112 (r = 0.57) and those derived from IS1113 and avrXalO (r = 0.56). The least correlated matrices were those derived from TNX6 and IS1113 (r = 0.27) and those derived from TNX6 and avrXalO (r = 0.25).
Association between lineage and virulence. The relationship between pathotype and putative phylogeny was assessed for two probes that yielded the most robust phenograms, namely IS1112 and IS1113. Similar but nonidentical groups of strains were inferred from the RFLP data obtained with these two probes. Substantial variation in virulence was observed within most phenetic groupings. At the level of 70% similarity, six groups were formed by each of the two probes. Variation for virulence to Xa-4 and Xa-14 was detected within three of the six groups identified with IS1112, while variation for virulence on Xa-10 was observed for two of these groups. Variation for virulence to these three genes was seen in two of the six groups formed by IS1113. These observations suggest that virulence can repeatedly arise independently of lineage.
Strains of races 1, 2, 3, and 5 formed a large, heterogeneous cluster on the basis of data from both probes, although the two probes subdivided these strains differently (Fig. 2) . The bootstrap values were higher for the IS1112 phenogram for this group of strains, but the relationship between pathotype and RFLP-based grouping was simpler for IS1113. Strains of races 1, 2, 3, and 4 formed another group with both probes. A single race 1 strain, PX035, appeared to be only remotely related to the other strains on the basis of data from both probes. The race 6 strains formed an out-group on the basis of IS1112 data but clustered more closely to the race 1, 3, and 4 groups on the basis of IS1113 data.
On the basis of the analysis presented above, it appeared that some races consisted of multiple lineages and some lineages consisted of multiple races. For instance, on the basis of RFLP analysis with the probe IS1113, races 1, 2, and 3 each appeared to consist of more than one lineage. Race RFLP types from the six Philippine races of X oryzae pv. oryzae were inoculated on 20 rice cultivars carrying known resistance genes. The cultivars tested included the six differential cultivars routinely used for race typing in the Philippines, other cultivars carrying known resistance genes (26) , and a series of nine nearly isogenic cultivars (35) . The cultivars tested carried seven known resistance genes not present in those used for previous pathotypic analyses of the strains (Xa-1, Xa-2, Xa-3, xa-8, Xa-12, Xa-13, and . From (Tables 4 and 5 ). For race 5, eight IS1113 group A strains and 10 group IS1113 B or D strains were tested on 12 cultivars. The groups of race 5 strains showed significantly different LLs on cultivars carrying Xa-14, Xa-2, Xa-11, and Xa-3, with the most distinct differentiation seen on the hosts carrying Xa-14. In view of the differentiation, we propose that the latter be designated race 7. On all of the cultivars that showed differential reactions to races 5 and 7, race 7 produced longer lesions.
For race 1, strains from groups B and C or F were also confirmed to be pathotypically distinct (Table 4) . We propose that group B strains formerly classed as race 1 be designated race 8. The race 3 strains tested fell in two distinct clusters when analyzed with IS1112 and IS1113. Strains representing groups B and C were tested on 20 cultivars carrying a total of 10 known resistance genes. None of these cultivars, however, clearly or consistently divided the two groups of strains into compatible and incompatible categories.
DISCUSSION
Using a combination of phylogenetic and pathotypic analyses, we gained insight into the process of race evolution for an important pathogen of rice. For phylogenetic analysis, five distinct repetitive elements from the genome of X. oryzae pv. oryzae were used singly and in combination. The repetitive elements included a family of avirulence genes and four transposable elements. The structure and stability of phenograms produced with different probes were determined. The association between DNA profiles and virulence was assessed and compared for a probe corresponding to a gene family that determines host specificity and a set of presumably phenotypeneutral probes.
As a first step, we isolated a set of probes for RFLP analysis of the bacterial blight pathogen. We chose to use mobile genetic elements for DNA fingerprinting and phylogenetic analysis because they are dispersed, repetitive sequences (21) , providing multiple bands for numerical analysis. Although mobile genetic elements may play a role in microbial evolution (1, 4, 15, 38) , they are less likely than the avirulence gene family to be subject to strong selection pressure. In a series of transposon-trapping experiments with X oryzae pv. oryzae, a number of distinct elements were obtained. This is consistent with the observation of Leach et al. (22) that this pathogen carries a substantial amount of repetitive DNA.
To compare their utilities for detection of variation and for phylogenetic analysis, four of the elements, as well as an avirulence gene, were used as probes of a collection of 155 strains of X oryzae pv. oryzae representing the known diversity of the pathogen in the Philippines (28, 32a) . Estimates of haplotypic diversity were probe dependent, and the relative discriminating power of the probes varied for each race. We would thus caution against the use of single-probe data as a basis for strong inferences about pathogen diversity. The use of multiple probes (a composite DNA band data set) allowed a high level of discrimination among the isolates and revealed a high level of haplotypic diversity for the collection analyzed.
Phenograms were derived from the DNA band data obtained from each probe and from the composite data set obtained from all probes. Our results confirm and extend the observations of Leach et (28) . Race 3, also compatible with Xa-4, is currently the most frequently found race in some areas of Luzon (la). Races 5 and 7 have been found only in the highland areas of Luzon, and are dominant in that region (la, 28) . Although only a small fraction of the X oryzae pv. oryzae population has been analyzed, it is tempting to speculate about the evolution of the pathogen as represented by the collections analyzed to date. If we assume that avirulence is, in general, the primordial state in the evolution of the pathogen, a pathotype that is avirulent on more hosts can perhaps be inferred to be more closely related to the ancestral form than one with a wider spectrum of virulence. On the basis of this assumption, we infer that race 5 is the primordial pathotype in the highlands, because it is avirulent on most of the resistance genes tested (e.g., xa-5, Xa-10, and Xa-14). We infer that race 1 is the primordial pathotype in the lowlands, because it was previously dominant there and because it carries avirulence to more of the resistance genes than the other pathotypes in the same lineage.
On the basis of the pathotypes found in one of the major phenetic clusters in the present study (IS1112 cluster E, C, D, and G = IS1113 cluster A, B, and D), and the assumption that virulence was acquired to one resistance gene at a time, we speculate that race 5 gave rise to race 7, which in turn gave rise to the majority of race 2, which gave rise to one lineage of race 3. We also speculate that, in the other major lineage of the pathogen, race 1 gave rise to a second lineage of race 3, to a second lineage of race 2, and to race 4. Unexpectedly, the group of race 2 strains representing the dominant population in much of the lowland area of Luzon appears to have been derived from the pathogen lineage that originated in the highland area (race 5), rather than the previously dominant lowland population of race 1. Although many intriguing questions remain unanswered, we suggest that the combination of DNA analysis with five probes, pathotypic analysis, and information on the spatial and temporal distribution of the pathogen has provided the means to establish a picture of X. oryzae pv. oryzae evolution in the Philippines. 
